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Analysis of Threshold Characteristics of
Short-Wavelength Semiconductor Lasers

Bangguo Wang

Abstract—Existing high-power semiconductor lasers widely use
asymmetric large cavity structures or designs with short cavity
lengths to enhance device performance, inevitably increasing the
device threshold current density and suppressing further improve-
ment of device performance. We have utilized rate equations anal-
ysis to investigate the impact of threshold current density on the
threshold characteristic temperature of GaAs-based laser diodes
at short wavelengths. A simplified carrier escape model has been
employed, which is more accurate compared to the classical model
of thermal carrier emission. Compared to long-wavelength laser
diodes, short-wavelength laser diodes exhibit higher temperature
stability due to their smaller Auger recombination coefficients.
Increased internal losses caused by carrier escape and decreased
injection efficiency are the main reasons for the decrease in thresh-
old characteristic temperature with increasing temperature. The
increase in threshold significantly enhances carrier escape, leading
to a decrease in the threshold characteristic temperature and an
increase in sensitivity to temperature. Moreover, high thresholds
limit the increase in the device’s decoupling factor, causing a de-
crease in current inject efficiency and further degradation of device
performance. By increasing the barrier height, carrier escape can
be effectively suppressed, thereby enhancing device performance.
The simulation results agree well with the experimental data of
InAlGaAs laser diodes at a wavelength of 780 nm, accurately
predicting the threshold characteristics of devices with different
cavity lengths at various temperatures.

Index Terms—Laser diodes, rate equations, GaAs, carrier
escape.

I. INTRODUCTION

N THE past 30 years, semiconductor lasers have made rapid
I advancements [1]. Taking 800 nm as an example, the single
chip output power has exceeded 19 W, and the chip conversion
efficiency has exceeded 71%[2], [3]. Currently, high-power
semiconductor lasers widely adopt an asymmetric large optical
cavity structure to improve the output power of the devices [4],
[5]. By effectively reducing the optical density of the active
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region through quantum well shifting, the maximum output
power of the device is increased [6]. At the same time, the
asymmetric waveguide can effectively reduce internal losses and
series resistance, thus improving power conversion efficiency.
For high-efficiency devices, a design with a short cavity length
is often adopted [7]. Shortening the cavity length can effec-
tively enhance the mirror loss, thereby improving the external
quantum efficiency and increasing the device’s power conver-
sion efficiency [8]. However, both the asymmetric optimization
and the shortening of the cavity length inevitably increase the
device’s threshold current density and limit further improvement
in device performance [5].

The increase of threshold current density will result in a
greater likelihood of carrier escape from the active region and en-
try into the barrier, leading to an increase in carrier density within
the barrier region. At the same time, internal losses increase and
internal quantum efficiency decreases [5]. For semiconductor
lasers used in pumping applications, it is often necessary for
the device to operate under continuous current conditions to
provide sufficiently high average power output [9], [10], [11].
In this case, the actual junction temperature of the device is much
higher than the temperature of the heat sink. Under high tem-
perature conditions, carrier escape in the device becomes more
severe, ultimately leading to a rollover phenomenon that limits
further power enhancement of the device. We can evaluate the
temperature stability of the device by obtaining the characteristic
temperature of the device through simple exponential fitting [5],
[12].

Iin(T) = Lo * exp (T) (D
To

This parameter has been widely recognized and applied over
the past 50 years [12], [13]. At the same time, the use of
characteristic temperature can predict the continuous operation
performance of the device to a certain extent, helping us op-
timize the device [5]. However, the characteristic temperature
of the device is not a constant value and is only applicable
to a certain temperature range. It will decrease with increasing
temperature [14], [15], [16]. The increase in threshold current
density increases the escape of carriers, resulting in decreased
temperature stability of the device. Studying the influence of
threshold current density on device performance is a meaningful
work that can help us understand the working mechanism of
the device and make accurate predictions of its performance.
This can help us optimize the device and further improve its

operational performance [17].
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The characteristic temperature of semiconductor lasers has
been widely studied [17], [18], [19], [20], [21]. Based on the
working mechanism of semiconductor lasers, researchers an-
alyze the influence of temperature on various aspects such as
gain, internal loss, internal quantum efficiency, and the carrier
recombination in quantum well. In previous studies, a fixed
carrier lifetime was often used to estimate the carrier density
of devices [22]. The obtained differential gain and transparency
carrier density both show a significant temperature dependence.
This is inconsistent with traditional theories that the temperature
dependence of Fermi—Dirac distribution function is dominant
effect, as carrier lifetime is related to spontaneous radiative
recombination coefficient, which is temperature-dependent [ 18],
[23]. In long-wavelength devices, due to severe Auger recombi-
nation, they have lower temperature stability [20]. However, for
short-wavelength (A < 980 nm) devices, the current of Auger
recombination is relatively small due to the higher Auger acti-
vation energy [24], [25], [26]. Theoretically, when only sponta-
neous radiative recombination in quantum wells is considered,
the device should have very high temperature stability, and its
threshold characteristic temperature 7j increases linearly with
temperature [27]. At this time, an increase in internal loss caused
by carrier escape and a decrease in internal quantum efficiency
are the main reasons for the decrease in device temperature
stability [24].

In this article, we study the temperature characteristics of
semiconductor lasers using rate equations analysis. Rate equa-
tions are widely used to investigate the static and dynamic per-
formance of optoelectronic devices [28], [29], [30]. Compared
to light-emitting diodes and communication devices, we are
particularly interested in the threshold current and its impact
on the device’s internal losses, internal quantum efficiency, and
temperature characteristics. In the second section, we introduce
the rate equations and the relevant parameter models. We neglect
the temperature dependence of the differential gain and assume
a linear relationship between the transparent carrier density and
temperature [18], [31], [32]. We employ a simplified model for
carrier escape in quantum wells, which is more accurate for
narrow wells and low potential barriers compared to the classical
thermal carrier escape model [33], [34]. We analyze the un-
clamping rate at different thresholds current density, which has
been considered a constant value in previous studies, leading to
above-threshold current-injection efficiency being significantly
underestimated as a function of threshold and temperature [35],
[36]. In the third section, we compare the simulation results
with experimental data, and the optimized model accurately
predicts the threshold temperature characteristics of devices with
different cavity lengths, aiding in the analysis and optimization
of the devices.

II. THEORY

Here, we utilize the three-level rate equations model to an-
alyze the temperature characteristics of the threshold of the
device [36]. Due to its lower effective mass, electrons are more
susceptible to carrier escape [29]. In this study, we only consider
the escape and capture of electrons. The escape and capture
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Fig. 1. Schematic diagram of carrier leakage and capture process in active
region of quantum well laser.

mechanism of carriers is illustrated in Fig. 1. Electrons are
introduced into the active region via the N-Waveguide layer,
while carriers undergo escape. This escape leads to an increase
in the electron density within the P-Waveguide, resulting in
increased internal loss. The rate equations can be expressed as
follows [35]:

Now _ NgVp
dt waVQW

1 1 1
(s 2)
Trad Tnonrad Te

_ vg xS xg(Now)

2
14+exS @
Np Iscu 1 1 NowVow
B CNp (= — )y Rwrew g
dt Ve B(Tb+wa>+ 7.VB )
E_F*UQ*S*g(NQW)_§+F*NQW*[3 @
dt 1+exS Tp Trad

Where 7y, is the total carrier capture time from the barrier
to QW; 7,44 is the radiative recombination lifetime in the QW,
Trad = 1/(Now B); Thonrad 18 the non-radiative recombination
lifetime determined by various effects such as Auger recom-
bination, Tponred = 1/(A + NCQ)WC'); T. is the carrier escape
time from the QW to the barrier region; 73 is the total recom-
bination lifetime of the carriers in the barrier region; and 7, is
the photon lifetime, 7, = 1/[vy(e; + @,y,)]. Vi is the volume
of the barrier region, Vo is the volume of the quantum well.
I' is the modal confinement factor, v, is the group velocity of
the mode, g(Ngw ) is the peak gain provided by the carriers in
the QW, ¢ is the intrinsic gain compression factor, and 5 is the
spontaneous emission coupling to the lasing mode.

A. Steady-State At Threshold Condition

Here, only the threshold and below the threshold are consid-
ered. Therefore, the photon density .S can be approximated to
be zero. In the steady-state conditions, we can obtain:

Ve 1 1
Np = Tp * 22X |Now [ — + ———— 5)
Vi Te  TQW _total
I 1 1 N,
SCH _ Ny s ( . > _ NowVow ©)
q T Tow Te

where TQw _totai 1S the total recombination lifetime in the QW,
1/Tow totat = 1/Trad + 1/Tnonred- The barrier-well capture
time Ty, consists of the carrier transport time 7, and the



WANG et al.: ANALYSIS OF THRESHOLD CHARACTERISTICS

quantum-capture time Teqp, Tow = Tr + Teap [30], [35], [36].
Due to the large electric field, the carrier transport near the
quantum well follows the ambipolar carrier transport. The carrier
transport time 7,. can be described as [37], [38]:

T:L*Qg
" 2D,

(7

here, Lg is the width of the undoped region in the confinement
region. The ambipolar diffusion coefficient D, is given by:
2D,,D
D,=-—"""F 8
“= Do+ D, 3
Where D,, and D,, are the diffusion coefficients of electrons
and holes, D,,/, = (KT'/q)i/p- Here, we have taken Hall
mobility for electrons at room temperature in Aly 4GaggAs
to be 1000 cm?/V's and holes to be 80 cm?/V's [39], [40].
The temperature characteristics of mobility are assumed to be
fitted by (1/7)2[30]. Compared with the carrier transport time
Tr, the quantum-capture time 7., is negligible and can be
disregarded [41].

B. Carrier Escape Time

The carrier escape time 7, is very important for the analysis of
dynamic and static performance of quantum-well laser. Here we
use a simplified model, assuming that the transition of carriers
between the unconfined and confined states are elastic, and thus
neglecting the energy difference between the initial and final
states [34]. Neglecting the influence of phonon energy and
phonon number on the escape process, the escape current density
can be expressed as:

1 me [ 2my kT 8/2 Eé’ - E;n
Je—qwnL*r (77712) erp | = )

where w is the constant related to the transition rate between
a confined and an unconfined state, ny is the number of
electron-confined levels, m.,, is the effective mass of the con-
fine/unconfined carriers, E}n is the quasi-Fermi level for the
confined carriers, and E? is the energy of the edge of the barrier
conduction band. The carrier escape time 7. can be obtained
from the escape current density .J. and the carrier density in
the quantum well Now, 7. = J./qNow. It is assumed that
only one confined level of electrons, the escape times 7. can be
obtained [30], [34], [42]:
KT ah2 \*? cap (4%)
__4u1(2wka> i E;;Em>

(10)
1+exp ( rE

Te —

where ¢V} is the energy difference between the first confined
level and the edge of the barrier conduction band, and Ej,, is
the quantized energy levels of confined carriers. As shown in
Fig 2, the relationship between escape time 7. and tempera-
ture is calculated for barrier energy V; of 130meV (red) and
160meV (bule) under carrier density of 1.9x10'%cm =3 (solid)
and 2.1x10'8cm™3 (dashed) in quantum well. The carrier escape
time decreases significantly with the increase of temperature,
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Fig. 2. Calculated carrier escape time 7.5 as a function of temperature.
and the increase of barrier height can effectively inhibit the
carrier escape.

C. Optical Gain and Internal Loss

Without considering the broadening, assuming only the first
subband participates in the transition, the material gain can be
expressed as [31]:

max 2 7T o M
90 = Lew 1
Low Vel+ M

e (o (B =B )
Emax p T
E — E¢ -1
+ (exp <Op T fp) + 1) - 1)

where 1., is the overlap integral between the confined electron
and hole envelope functions; Lgw is the quantum well width;
o= q2 /hic; eis the dielectric constant of the optical confinement
layer; M = my,/m., m. and my, are the electron and hole effec-
tive masses; my is the free electron mass; I, is the band gap and
Ay is the energy of the spin-orbit splitting; E\,,x is the energy
that the gain is at its maximum; Ey,/, are quantized energy
levels of an electron and a hole, E;in /p are the quasi-Fermi levels
for the electrons and holes.

The carrier density in the quantum well can be expressed as:

Eon — ES,
T

Liop — EJc‘p
_ 1

The effective state density is linearly dependent on tempera-
ture, N/, = me/hT/th. the maximum gain can be expressed
in terms of carrier densities as follows:

max _ 2 T o M I,me EQ(EQ +A0) 1
0 v LQW \ﬁ 1+ M Eg + %AO Emax

X (1 — exp (— N]C\?]W> — exp (—P]?fw)) (14)

me> Eg(Eg + Ao)
Ey+ 20

mo

(1)

Now = Ncln (exp < (12)

Pow = Nyln (eacp ( (13)

mo
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temperature.

Suppose that the density of electrons and holes in quantum
well is approximately equal, Ngw = Pow. Assume now that
1-— €.I‘p(—NQw/NC) — el‘p(—PQw/NU) X ln(NQw/Nt,,.).
Material gain can be expressed as a classical logarithmic
function:

90" = Gonln(Nqw /Nir) (15)
As can be seen from the above formula, when the change of
internal loss is negligible, the threshold carrier density N, is
approximately linearly correlated with temperature, Ny, o< T'.
The gain parameter Gy has little relation with temperature.

The internal loss «; can be expressed as the overlap inte-
gral of the fundamental mode and the carrier distribution, and
the free carrier absorption of the waveguide is assumed to be

linearly dependent on the carrier density in waveguide [5],
[43]:

ai= [ V@) ouNale) + 0Ny (w)de

~TowecowNow +Twaeewa N + Leadctaa  (16)

There, v?(z) is the normalized optical density; N,,(z) and
N, (x) are the carrier density at x position; o, and o, are the
free carrier absorption coefficients of electrons and holes; cow
and cyy ¢ is the differential absorption coefficients of quantum
well and waveguide. With the decrease of escape time 7., the
carrier density in the waveguide N p gradually increases, leading
to an increase in internal loss «;, As shown in Fig. 3(a). This
means that the device requires a higher threshold carrier density
to achieve the lasing condition. It is an obvious positive feedback
process and leads to a sharp degradation of device performance
under high threshold carrier density [5]. As shown in Fig. 3(b),
due to the increase in internal losses, the modal gain required
for laser emission increases with temperature, and the thresh-
old carrier density cannot be simply considered to be linearly
dependent on temperature [20].
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D. Injection Efficiency

The current injection efficiency 7);,,; is different from the
internal differential quantum efficiency 7;. The current injection
efficiency is expressed as the ratio of the injected current in the
active region to the total current, 7;,; = Iow /Iscu. Igw is
the current injected into the active region:

vg * S x g(Now)
1+exS a7

NQW
TQW _total

Iow = Vowq <

In a steady state, the generation rate of photons density is
equivalent to the rate at which they are lost, therefore the internal
differential quantum efficiency can be expressed as:

L d(SVQw/TpF)
" Tdlsen/q)
Due to the threshold clamping effect, the internal differential
quantum efficiency at the threshold is often higher than the
electrical injection efficiency at the threshold.

For the below-threshold and at-threshold condition, the pho-

ton density in the cavity is typically minimal, the current in-

jection efficiency of the quantum well can be expressed as
follows [35]:

(18)

1
w T _tota
R

TNinj_at_th = (19)

The current injection efficiency in the active region is largely
dependent on the recombination rate in the active region, with a
faster recombination rate in the active region being more likely
to achieve a higher current injection efficiency. The curve of
calculated current injection efficiency with temperature varia-
tion is shown in Fig. 4(a). In the case of high potential barriers,
the variation of current injection efficiency with temperature
and threshold carrier density is not significant. As the bar-
rier decreases, the correlation between injection efficiency and
temperature and threshold carrier density becomes significantly
higher.

Unlike the case below the threshold current, above the thresh-
old current, the carrier density in the active region is clamped
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by the gain condition. At this time, the above-threshold current-
injection efficiency 7;n;_above_tn can be described as [35]:

1 Thw
1= Daw * (777 —Bx (1 + *))
I

Tinj_above_th =

_Baw (20)
Minj_at_th

In general, the value of g typically falls between 0.001
and 0.01, and the ratio 73, /7 is approximately 0.001, much
smaller than unity [35], [36]. The unclamping rate Agw
is defined as the relative increase of the carrier density
in the QW with injected current above threshold, Agy =
d(Now Vow /Tow _totat)/d(Iscu/q). At low current, the un-
clamping rate does not change obviously with the current [44],
[45]. It is assumed that the contribution of spontaneous radi-
ation to photon density .S can be ignored below the threshold
current. By substituting (2)—(4), the unclamping rate Agyy can
be expressed as follows:

A - 1 d(NBVB/Tb) . d(SVQw/TpF)
9 d(Iscu/q) d(Iscu/q)
d]leakaqe
— 1 Lleakage 21
dlsoy b

Here, Ijcqrage Tepresents the leakage current caused by the
recombination of carriers in barrier region. The unclamping rate
Agw is related to the carrier escape, and it significantly in-
creases as the temperature and threshold carrier density increase,
as shown in Fig. 4(b).

III. EXPERIMENT

The studied sample is a laser diode emitted at 780 nm. We
adopt a 7 nm InAlGaAs material as a quantum well, with evident
carrier leakage due to a smaller conduction band offset [3].
The waveguide layer is made of Aly 4Gag.¢As material with a
thickness of 1 pm, while the N-side waveguide has a thickness
of 600 nm. The cladding layers on both sides are made of
Alg.g5Gag.35As material. The device is prepared using metal-
organic chemical vapor (MOCVD) epitaxial growth technique
and is further fabricated through photolithography to form single
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(a) Current injection efficiency as function of temperature; (b) Unclamping rate A gy various the temperature.

emitters with a length of 5 mm and a width of 100 pm[46]. The
back facet of the device is coated with a high reflectivity film
of 99.9%, while the front facet has a 1.5% antireflection film.
By retaining the HR facet, uncoated devices with cavity lengths
of 2 mm, 3 mm, and 4 mm are prepared through cleaving. All
devices are packaged on AIN heat sink using the same packaging
process. To test the device, pulse conditions are employed with
a pulse width of 200us and a frequency of 50 Hz. At this
time, the device does not exhibit significant temperature drift
and thermal effects can be ignored. The device power curve is
obtained through thermopile sensor (PM150-50 C) testing, while
the threshold current is determined by applying linear fitting on
the low current power curve.

A. Threshold Current

Using a series of very restrictive assumptions includ-
ing a parabolic two-band approximation with non-degenerate
Maxwell-Boltzmann carrier distributions, the threshold current
density of a semiconductor laser can be modeled using a semiem-
pirical power law [20]:

Tn(N,T) = —2EQW_ (AN 4 BIT)N? + C(TIN®) (22)
Ninj_at_th

here, A is the monomolecular recombination coefficient asso-
ciated with the defect states, B is the spontaneous radiative
recombination coefficients, and C' is the Auger recombination
coefficients. In general, the current Jyefect = gLow AN de-
pends mainly on the density of the defect state and can there-
fore be approximated as a constant [47]. The current due to
spontaneous emission Jsp,, and Auger recombination Jgqger
is approximated by [48]:

Jspon = qLQWBO/TN2 (23)

—E,
Jauger = qLQW00€30p ( ) N3 (24)

kT
The constants By and Cy are independent of temperature
and carrier density. I, is the empirical activation energy. For
short-wavelength devices, due to their larger bandgap, they have
a larger By and smaller Auger recombination coefficient. Here,
assume that the constant Cy is equal to 5107 2¢m®/s and the
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activation energy FE, is equal to 170meV. The Auger recom-
bination current Jgyge- is much smaller than the spontaneous
recombination current Jsp,,, where By=3.4x10"1%m?/s.

As shown in Fig. 5, the relationship between the threshold
current and temperature change is depicted. The device is a
coating device with a cavity length of 5 mm, corresponding
to a mirror loss of 4em 1. With the increase in temperature,
the threshold current of the device significantly increases, and
the temperature stability decreases as the temperature rises. The
simulation results align well with the experimental findings.
The threshold characteristic temperature of the device can be
obtained by exponential fitting of threshold currents in different
temperature ranges to account the super-exponential behavior
of the characteristic temperatures. The threshold characteristic
temperature 7j is 159 K between 280 K to 310 K and 112 K
between 310 K to 340 K. This is mainly due to the drastic
deterioration of internal losses and injection efficiency.

When the internal losses and current inject efficiency varia-
tions with temperature are not taken into account, the device’s
threshold carrier density is considered to be linearly dependent
on temperature, following the equation Ny, o 7', as mentioned
previously. Under such circumstances, theoretically, the device
should exhibit higher temperature stability, as indicated by the
blue dashed line in Fig. 5. The threshold characteristic tem-
perature exhibits an upward trend as the temperature rises. It
reaches 286 K in the range of 280 K to 310 K, and further
increases to 305 K within the range of 310 K to 340 K. This is
consistent with the trend reported in the Ref [27]. Considering
that the absorption loss varies with temperature, it is important to
represent the threshold carrier concentration using a higher order
temperature correlation function [20]. In this case, the threshold
characteristic temperature decreases from 209 K to 165 K with
increasing temperature, as depicted by the red dashed line in
Fig. 5.

B. Transparency Current Density

Device transparent current density J;, and modal gain coef-
ficient I'G are usually obtained by linear fitting [47]:

Jir 1
In(Je) = ln( t ) + F—Go (i + am)

Ting

(25)
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The threshold current density under different cavity surface
losses are obtained by pulse testing of devices with different
cavity lengths, as shown in Fig. 6(a). Uncoated devices with
cavity lengths of 2 mm, 3 mm, and 4 mm correspond to mir-
ror losses of 1.5cm™', 2em™!, and 3em ™!, respectively. In
Fig. 6(b), it can be observed that the fitted transparent current
density gradually increases with temperature. With the rise in
temperature, the fitted transparent current density shows an
increase from 1234 /cm? at 280 K to 176 A /cm? at 340 K. The
black dashed line represents the theoretically transparent current
density that exhibits a linear correlation with temperature [47].
However, due to the obvious carrier leakage, the transparent
current density obtained by fitting is higher than the actual
value [49]. The simulated results, represented by the blue dashed
line in Fig. 6(b), which calculated the threshold current density
for different mirror losses under various temperature conditions
and using the same method to linear fitted the threshold current
density.

C. Threshold Characteristic Temperature

The threshold characteristic temperature at different temper-
atures can be obtained by exponential fitting of the threshold
current density at different temperature ranges, as shown in
Fig. 7(a). The threshold characteristic temperature decreases
as the mirror loss of the device increases. For instance, at a
temperature of 295 K, the threshold characteristic temperatures
for mirror loss of 1.5em™1, 2em™1, 3em ™1, and 4em™! are
177K, 172 K, 165 K, and 158 K, respectively. With the increase
of temperature, the threshold characteristic temperature of
the device decreases gradually, and the higher the mirror loss
of the device, the more obvious the threshold characteristic
temperature decrease [16].

To understand the contribution of different terms to the thresh-
old characteristic temperature, the inverse ratio of the threshold
characteristic temperature can be described as [47]:

11 1 aitan 1 a1

= T - —_— 26
TO TtT’ u Tmn]‘ FG() TGO FG() Tai ( )
the characteristic temperature of each item is described as:
1 1 dJy,
= 27
T, ~ Ty dT @D
1 1 dning
= - g (28)
MNing 77“7] dT
1 1 dG
—=—— (29)
TGO GO ar
1 1 dai
= 30

In general, Tz, is extremely large and therefore can be
ignored [18]. The relationship between the inverse of thresh-
old characteristic temperature and the temperature is shown in
Fig. 7(b). At low temperatures, the escape of carrier escape is
suppressed, and the threshold characteristic temperature of the
device primarily depends on the transparent current density’s
characteristic temperature. With the increase of temperature, the
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transparent current density shows higher temperature stability.
The carrier escape becomes more obvious, and the characteristic
temperature corresponding to the internal loss and the electric
injection efficiency deteriorates rapidly, resulting in the dete-
rioration of the threshold characteristic temperature with the
increase of temperature.

IV. CONCLUSION

The threshold temperature characteristics of short-
wavelength laser diodes are simulated and analyzed using rate
equations. In addition, the threshold temperature characteristics
of devices with different mirror losses are compared. We utilize
a simplified carrier escape model of quantum well, which
is more accurate compared to the classical thermal carrier
emission model. We consider the impact of carrier escape on
internal losses, resulting in a more pronounced temperature
dependence of the threshold carrier density. Furthermore, we
analyze the temperature dependence of the unclamping rate,
which significantly increases the temperature dependence of
the internal quantum efficiency. The simulate threshold current
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(a) Natural logarithm of threshold current density versus mirror loss; (b) transparent current density at different temperatures.
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(a) Threshold characteristic temperature as a function of temperature; (b) the contribution of different terms to the characteristic temperature.

density and threshold characteristic temperature are found to
be similar to the experimental results, effectively explaining
the phenomenon of the threshold characteristic temperature
decreasing with increasing temperature. The increase internal
losses and reduced injection efficiency caused by carrier escape
are the main reasons for the temperature dependence of device
characteristics decreasing with temperature. Notably, devices
with higher thresholds are found to exhibit more pronounced
characteristic temperature changes, as they are more susceptible
to carrier escape. Increasing the barrier height is an effective
means to suppress carrier escape and ensure stable operation of
high threshold current density devices under high temperature
conditions.
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